We studied the ultrastructural localization of three distantly related glycoproteins of the extracellular matrix, undulin, tenaxin and fibroneain, in decalcified sections of human periodontal ligament (PL) and cementum. Undulin was associated with tightly packed major collagen fibrils and not with midibrils, indicating that this protein may be involved in the supramolecular and functional organization of collagen fibrils into flexible bundles. Tenascin was found on globular masses between less densely packed collagen fibrils, thus displaying a pattern quite distinct from that of undu-
Introduction
The periodontal ligament (PL) bridges the space between the root of the tooth and the surrounding alveolar bone. Its extracellular matrix (ECM) is composed of collagens, proteoglycans, and oxytaIan fibers (Shuttleworth and Smalley, 1983) . Many studies have focused on the structural organization of PL and cementum using electron microscopy (Luder et al., 1988) , biochemical analysis (Sodek and Limeback, 1979) , and immunoelectron microscopy, identifying collagen Types I and I11 as the major cross-striated fibrils, with microfibrils of collagen Type VI appearing to interconnect single collagen fibrils. Collagen Type V was found in aggregated, unbanded filamentous material that apparently originated from the ends of the major collagen fibrils, supporting the concept that this collagen is a component of core fibrils (Becker et al., 1991) .
The biological significance attributed to the ECM has changed over the past years after it was shown that defined epitopes on ECM molecules interact with specific cell surface receptors that transmit signals of position and differentiation to the interior of the cell (Ruoslahti, 1991; Springer, 1990) . These components of the snracellular matrix can be classified as collagens, glycoproteins, proteoglycans, and elastin (Schuppan and Hahn, 1987) .
Among the ECM glycoproteins, fibronectin (Ruoslahti, 1988) , tenascin (Chiquet-Ehrismann, 1990) , and undulin (Just et al., 1991; Schuppan et al., 1990) share common structural features of fibronectin-like Type 111 homology units with additional functional domains such as EGF (epidermal growth factor)-like repeats (tenascin), collagen binding and fibrinogen-like repeats (fibronectin), and A-domains of von Willebrand factor (undulin). Undulin is biochemically and functionally distinct from other previously characterized large matrix proteins. By light microscopy undulin shows bundles of uniform wavy fibers in differentiated connective tissues. In contrast to undulin, tenascin is associated with the ECM during embryonic development and with the stroma of invasive neoplasms. Ultrastructurally, tenascin could be located in between single collagen fibrils of the skin (Inaguma et al., 1988) . Fibronectin, as a constituent of plasma and interstitial ECM, is involved in blood coagulation, wound healing, and chemotaxis. It also mediates the interaction of cells with other matrix components such as fibrillar collagens and heparin (Ruoslahti, 1988) . With light microscopy it can be found in most interstitial connective tissues (Fleischmajer and Timpl. 1984) , as well as in some basement membranes. In an immunoelectron microscopic study of the PL, fibronectin was found associated with collagen fibers at certain sites of the cell-collagen interface (Pitaru et al., 1986) .
The aim of this study was to elucidate the localization and thus deduce the potential biological role(s) of undulin, tenascin, and fibronectin in human PL and cementum.
Materials and Methods
Four human premolars with complete root formation (tooth 35 = 2, tooth 45 = 2; patients age I5 and 17 years) which were at the level of occlusion and clinically lacking pathological changes were extracted for orthodontic reasons under local anesthesia. The teeth were divided immediately and fixed in 4% paraformaldehyde in PBS for 15 min at 4'C. After the first fixation, sections of PL containing acellular extrinsic fiber cementum and dentin of 1 mm thickness were prepared, followed by another fixation for 15 min. Then the sections were decalcified in 0.2 N HCI for 5 days at 4'C as described previously (Becker et al.. 1986 (Becker et al.. .1991 . Immunolabeling. Monospecific antisera against human tenascin and human fibronectin were obtained from Telios (La Jolla, CA). Monospecificity of these antisera was verified by immunoprecipitation and Western blotting. Undulin was purified from human placenta and monkey skin. The monospecific polyclonal antibodies against undulin have been described previously (Schuppan et al.. 1990) .
Antibody incubation, immunogold labeling, and stabilization of ultrathin cryostat sections were performed as described previously (Becker et al., 1991) . In brief, sections were prc-incubated with 10 mM ~-1ysine (Merck; Darmstadt. Germany) in PBS for Id min. followed by primary polyclonal antibodies (50-100 pg IgGlml) for 20 min and finally by goat anti-rabbit IgG-gold conjugate (Auroprobe GAR 5 M I or 10 run, dilution 1:60) (Amersham; Braunschweig. Germany). Washing between each step was performed in 5 droplets of conditioned PBS containing 0.1% BSA and 0.02 lysine for 20 min. After immunolabeling, sections were fmed in 2% glutaraldehyde, pH 7 (Sigma; Miinchen, Germany). Immunostaining was documented by a Zeiss 10 A electron microscope (Zeiss; Oberkochen, Germany) using Scientia film 23 D 56 (Agfa-Gevaert; Leverkusen. Germany).
Controls containing 1% gelatin in PBS as primary antibody were included in every experiment.
Results
Figure 2. Meshwork of microfibrils near a fibroblast in the P L undulin was not found in the area of the microfibrillar meshwork (trigon), whereas it was prominent close to the major collagen fibrils that seemed to be anchored in the meshwork. Original magnification x 125.000. Bar = 100 nm.
Undulin
Label for undulin was concentrated parallel to and between collagen fibrils of a uniform diameter of 60-70 nm. In general, labeling was discrete and occasionally showed a repeat distance of about 60 nm. Sometimes a closer spacing of the label was observed (Figure la) . On rare individual cross-striated fibrils, staining was associated with amorphous, somewhat globular structures measuring 80-100 nm in diameter ( Figure Ib) . Mostly, however, label appeared to be wrapped around single fibrils ( Figure IC) . When labeling was performed for the presence of tenascin, the collagen fibrils and the associated amorphous structures previously found positive for undulin were negative ( Figure Id) . Labeling was always closely associated with collagen fiber bundles, whereas the microfibrils, which seemed to extend from cross-striated fibrils (Figure 2 ) and the adjacent amorphous or empty-appearing areas, as well as cementum, were negative for undulin.
Tenascin
Unlike undulin, tenascin was almost exclusively found on globular masses, which showed a regular size of 80-100 nm, in the spaces between the less densely packed connective tissue (Figure 3) . Microfibrils, which are usually found in the vicinity of fibroblasts, were always negative for tenascin (Figure 4) . A similar pattern of distribution for tenascin was also found in cementum, where the label was weaker than in PL (not shown).
Fibronectin
A patchy labeling for fibronectin was found in regions of high collagen fibril density and on bulky material between single crossstriated fibrils (Figure ra) . When the collagen fibrils of the PL were less densely packed, label was seen on structures ensheathing the individual collagen fibrils like garlands. These structures were approximately 200 nm thick and extended along the whole length of these collagen fibrils (Figure 5b ). Fibronectin was also found 4 as a component of the microfibrillar meshwork extending from the ends of cross-striated fibrils, and on the plasma membrane of fibroblasts ( Figure 6 ). In the cementum, label for fibronectin was weaker than in PL displaying similar patterns (Figure 7 ) .
ControL's
The controls treated with irrelevant primary antibodies revealed fewer than 10 gold particles on an area of 16 pmZ when assessed at a magnification of x 20,000.
Discussion
Glycoproteins play a key role in the organization of the ECM as well as in signal transduction processes (Ruoslahti, 1988) . Previous light and immunoelectron microscopic studies showed the close association of undulin with collagen fibrils at sites where these fibrils appear tightly packed, an ultrastructural distribution not yet described for other ECM glycoproteins (Schuppan et al., 1990) . In the present study we could support these results and clearly demonstrate that undulin is not associated with microfibrils of 12 to 20 nm, which were identified as collagens Type V and VI in a previous study (Becker et al., 1991) . Most of the undulin immunoreactivity was found on collagen fibril bundles and not on cell plasma membranes.
Since undulin specifically interacts with certain sequence domains in the interstitial collagens Type I, 111, V, and VI, it can be speculated that it is somehow involved in the supramolecular functional organization of collagen fibrils into regular flexible bundles characteristic of differentiated mesenchymal tissues, such as the human PL. Its distribution suggests that undulin might act as a flexible anchor, allowing limited gliding between individual collagen fibrils. Interestingly, undulin may be lost or reduced when irreversible fibrosis of the liver occurs (Schuppan et al., unpublished data) . Undulin was not observed in decalcified cementum, in agreement with its absence in human bone (Schuppan et al., 1990) , demonstrating that undulin is not a component of the organic matrix of hard tissues.
Previous immunohistochemical studies have shown that tenascin is strongly expressed during epithelial-mesenchymal interactions in neoplastic tumors (Mackie et al., 1987) . during organogenesis (Aufderheide et al., 1987) . and in dental tissues (Thesleff et al., 1987; Chiquet-Ehrismann et al., 1986) . In all these cases tenascin appears to weaken the strong interaction of fibronectin with cells (Chiquet-Ehrkmann et al., 1988 ). We could demonstrate for the PL that in this specialized tissue, where epithelial cells are only rarely found, tenascin was associated with globular masses in areas with less densely packed cross-striated fibrils, indicating a broader biological role for this protein than has previously been suggested. The pattern of distribution of tenascin was quite distinct from that of undulin or fibronectin. Immunogold label revealed its presence in discrete plaques measuring 80-100 nm in diameter. The dimensions of these plaques are in accord with the molecular dimensions of tenascin as a macromolecule in which six identical flexible subunits of approximately 75 nm length are interconnected at their amino terminal ends (Chiquet-Ehrismann et al., 1986) . Thus, the area of label in individual plaques may reflect the size of an individual tenascin molecule. Studies on fetal long bones showed that tenascin was associated with collagen Type I11 within the mineralized matrix itself (Carter et al., 1991) . In a previous study we could demonstrate collagen Type 111 fibrils inserting into cementum (Becker et al., 1991) , where in the present study we also found tenascin. Tenascin may have been deposited there before mineralization occurred. It can be assumed that the presence of tenascin in the PL, which is mainly characterized by loosely packed cross-striated fibrils, allows for better migration of PL fibroblasts in response to mechanical stimuli.
Our study demonstrated fibronectin between fibril bundles, individual fibrils, and in a meshwork of unbanded microfibrils previously shown to contain collagen Type V. These findings indicate that fibronectin is more broadly distributed than both undulin and tenascin, being in accord with previous studies, where a close association of fibronectin with cross-striated fibrils containing collagens Type I and I11 has been demonstrated (Fleischmajer and Timpl, In summary, our data show that the three distantly related ECM glycoproteins undulin, tenascin, and fibronectin display distinct and unique patterns of distribution that allow a correlation of their molecular structure with their potential functional role in this specialized tissue.
